INTRODUCTION
Recovery of gold from ores containing organic carbon has plagued cyanide mill operators ever since the widespread adoption of this classical dissolutiontechnique in the late 1800's. Starting in 1966, the Bureau of Mines conducted research to recover gold metal values from carbonaceous gold ores. During this research a new technique was developed that not only solved the carbonaceous problem but also had wide application in the field of extractive metallurgy /1,2/. The technique, called electrooxidation, was found useful in the extraction of mercury from low-grade cinnabar ore /3,4/, silver from refractory ore /5/, antimony oxide from stibnite concentrates /6/ and molybdenum and rhenium from off-grade molybdenite concentrates /7,8/.
This paper describes the technique and presents selected data obtained from the extensive research program conducted by the Bureau of Mines.
THE THEORY BEHIND THE ELECTROOXIDATION PROCESS
The electrooxidation process is a technique for generating an oxidizing environment in an ore slurry. A general description of the process follows. Source material such as ore, tailings and mine waste is sized by crushing, followed by grinding in brine solution containing 10 wt % sodium chloride. For sulfide concentrates crushing and grinding were not required. The resulting slurry is fed to agitated vessels, and electrooxidation cells are immersed in the pulp. Current is passed through the cells, thus producing an oxidizing environment.
A Review of Electrooxidation Technology
Electrooxidation is followed by digestion to allow the residual oxidant to react; digestion is followed by solid-liquid separation. In all cases, except for the treatment of stibnite concentrates and gold ores, the metal values solubilize and report to the solution after solid-liquid separation. Clarified pregnant solutions are then subjected to various treatments, depending on the type of metal content, for recovery of metal values. Barren solution is recycled back to the grinding circuit. For gold ores, the oxidized residue is cyanided prior to solid-liquid separation.
The electrooxidation process entails generation of an oxidizing environment in a stirred brine ore pulp. The oxidizing species (OCf, HOC1 and Cl 2 ) are produced by passing direct current through the brine ore pulp by means of immersed electrodes. The general electrooxidation reactions are as follows:
Anode: 2C1" ^ Cl 2 + 2e
(1)
Chloride ion is converted to chlorine at the anode, and water is converted to hydroxyl ion and hydrogen at the cathode. Chlorine then reacts with the hydroxyl ion to form the oxidizing species. The pH at which the electrooxidation is performed determines whether OC1", HOC1 or Cl 2 is the oxidizing species. An understanding of the relationship between pH and the form of the oxidizing species is quantitatively known. The pKa value for hypochlorous acid (HOC1) is 7.53 /9/. The pKa represents the log of the equilibrium constant, and the equilibrium under consideration is HOC1 = H + + OC1". The ratio of hypochlorite ion versus hypochlorous acid is shown in Table 1 for varying pH values. When the pH of the solution is below 5, a different equilibrium becomes predominant in determining the oxidizing species.
Cl 2 + H 2 0 ^ HCl + HOC1
(3) Table 2 shows the percentages of chlorine and hypochlorous acid at various pH values for a given HOC1 concentration. As the HOC1 concentration increases from 0.1 to 1.0 g/L, the concentration of chlorine present in solution increases from 3.5 to 78.2% at a pH of 1. Therefore, the pH at which the electrooxidation treatment is performed will determine the relative amounts of OC1", HOC1 and Cl 2 present in solution.
Generally, when metal sulfides are treated by electrooxidation and the products formed are soluble metal species and sulfate in the form of sulfuric acid:
HgS + 40C1" -HgCl The pH at which the electrooxidation treatment of metal sulfides is conducted depends upon the amount of OH" ion that is added. For example, when low-grade cinnabar ore is treated, the pH remains near neutral because of the calcite content of the ore. This is also true of carbonaceous gold ores. For molybdenite concentrates, hydroxyl ion must be added to maintain a pH near neutral.
The major side reaction that occurs during electrooxidation is the formation of chlorate ion. One reaction involved in the formation of chlorate is a chemical reaction, that is, the reaction of OC1" with itself:
2C1" + 2H + From reaction (8) it can be seen that hypochlorous acid is needed for the disposition. Therefore, at pH values above 9 this reaction is negligible. A second reaction that leads to formation of chlorate ion is electrolytic and happens at the anode 60C1" + 3H 2 0 2C10 3 " + 4C1" +
This reaction is favored at high pH values above 8. Both reactions, chemical and electrical, increase dramatically with an increase in temperature, especially above 60°C. Based on these facts, it is obvious that the electrooxidation must be conducted at temperatures in the 30-50°C range at neutral pH with a minimum of OC1" ion present. For a detailed discussion of chlorate formation during electrooxidation, see Barr /10/.
RECOVERY OF GOLD FROM CARBONACEOUS ORE
The presence of carbon and organic compounds that inhibit gold recovery from auriferous ores has long plagued the cyanide mill operator. The relationship of ore mineralogy to gold extraction has been recently reviewed /I/ and will not be discussed in this paper.
Several different carbonaceous ores were obtained from northern Nevada and were used in both laboratory and pilot plant testing. Preliminary experiments indicated that oxidizing conditions could be generated and controlled under a variety of conditions by this electrooxidation concept /2,ΙΟ-Ι 3/. Parameters deemed to be important to the development of the technique included salt concentration, electrolysis time at constant amperage per short ton of ore, temperature, current density, type of electrodes, electrode spacing and particle size of ore /14/.
During the course of the investigation, it was determined that a variety of electrode materials and configurations could be used. The only difficulty encountered was a build-up of a deposit on the cathode with time. This difficulty was overcome by using graphite electrodes and reversing the current periodically to remove the deposits. One type of cell used, a plate-type laboratory-scale electrooxidation cell, is shown in Fig. 1 .
The effect of salt concentration (NaCl) on gold extraction from carbonaceous ore was investigated. It was determined that an 8-10% salt concentration was adequate for obtaining sufficient oxidation to result in efficient gold extraction by cyanidation.
The effect of temperature on gold extraction was determined through tests at 30°C, 40°C and 50°C. Maximum gold extraction was attained at 40°C. Heat input to an electrooxidation system and the resulting temperature are functions of the conductivity of the electrolyte and the power required to accomplish the oxidation; therefore, parameters such as electrode spacing, salt concentration and pulp density are all critical in maintaining the desired temperature. Generally, electrode spacing should be as close as is consistent with good pulp flow between electrodes. The effect of increasing electrode spacing was investigated. Spacings of 3/8", 5/8" and 11/8" were used, with pulp density at 40% and salt concentration at 10%. As was expected, the
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Fig. 1:
Plate-type electrooxidation cell and agitation vessel.
resistance between the electrodes increased with increased spacing. The effect of pulp density on conductance was also studied (Fig. 2) . As was expected, the conductance decreased rapidly as pulp density increased. Current density is another factor that affects the voltage-amperage relationship, which in turn affects the temperature. The effect of current density on the voltage required to maintain constant amperage during electrolysis is shown in Fig. 3 . The voltage increased linearly with current density over the range measured. The data indicated that the current density should be as low as possible to keep power consumption at a minimum. However, the current density dictates the number of electrodes required, and the tonnage of the mill and the size of the agitators employed are important factors that must also be considered in projecting the number of electrodes that can be practically utilized.
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Fig. 2:
Effect of pulp density on conductance in orebrine pulp.
Grinding is an important part of any hydrometallurgical process; it releases the mineral from the host rock, enabling the mineral to come into contact with the reactants. The effect of particle size on gold extraction was investigated using several different grinds based on the percentage of minus 200-mesh material. Data for one ore indicated that gold extraction increases as the particle size becomes smaller and that a grind of 70% minus 200 mesh was satisfactory; however, each ore must be evaluated on an individual basis as to optimum particle size for reaction.
Pilot-plant tests were conducted to confirm the data previously obtained in laboratory and batch testing /2-4/. The flow sequence and pilot plant operation generally followed conventional countercurrent decantation, slime-circuit operating practice. Ore material was ground to 60% minus 200 mesh at 50% solids in the rod mill and pulped into the oxidation tanks, each of which held 275 lb of dry ore (550 lb of pulp). After treatment in the oxidation tank at the desired temperature, the pulp was passed through the digestion-surge tank where 1 lb of cyanide per short ton (ST) of ore was added, along with sufficient lime to maintain a cyanidation pH of 11. Approximately 5 lb of lime per ST of ore was usually required to maintain the desired pH value. The pulp was then pumped through three cyanidation tanks for a cyanidation time of 9 hr. From the cyanidation tanks the pulp passed through four thickeners at 20% solids, flowing counter to the barren solution recycled from the gold-precipitation sequence. Pregnant solution was passed from the first thickener to the gold-precipitation system.
Initial pilot plant experiments were conducted on nonrefractory oxide gold ore to determine the best operating conditions for the grinding circuit and pulp handling, optimum flow rates, etc. Mill tails from the oxide ore contained 0.008 tr oz Au per ST, which corresponds to a gold extraction of 96%.
Carbonaceous gold ore was processed in the pilot mill, using conventional cyanidation, without oxidation pretreatment, as a baseline experiment to determine the effect of carbonaceous material. Gold extraction obtained in these experiments ranged from 29-33% (0.26 to 0.28 tr oz Au per ST of tails).
The cell used was a simple plate-type arrangement consisting of graphite electrodes 2i/2" wide, 3/4" thick and 30" long. Identical graphite cathodes and anodes were placed alternately in a nonconductive holder with l/2"-spacing, which allowed pulp to flow through the system.
The pilot plant investigations determined the effect of temperature on gold extractions, the effect of salt concentration on gold extractions and power requirements and the effect of electrode spacing at various salt concentrations on power requirements. 
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The data obtained were similar to those obtained in previous laboratory tests. Gold extractions of 90% were achieved using 10% salt concentrations at 40°C, a current density of 0.67 A/in 2 and an electrode spacing of 1/2". Scale-up experiments were conducted on a batch basis using a 6-by 7-ft agitator tank capable of holding 7.5 ST of pulp at 40% solids. Electrooxidation was accomplished with two banks of graphite electrodes used in parallel, each containing 12 anodes and 11 cathodes. Tests were conducted at 40°C, with a 2,800A current and a 10% salt concentration in the pulp solution. Oxidized pulps were not cyanided in the pilot plant, but samples were taken at 1-hr intervals and cyanided on a bench scale. Fig. 4 shows that gold extraction increased with electrolysis time, reaching a maximum extraction of 89.4%, which corresponded to a power consumption of 60 kWhr/ST.
The electrooxidation results were compared with results from adding chlorine gas as an oxidizer to the pulp. The results showed that 60 kWhr of treatment in the electrooxidation cell was equivalent to oxidation using 40 lb of chlorine.
The comparison showed that 1.3-1.5 kWhr of power was required for a pound equivalent of chlorine. For example, when using chlorine, 40 lb/ ST was required to achieve the same amount of oxidation as achieved with 60 kWhr of power for the electrooxidation technique. At the time the tests were conducted, monopolar cells operating at 5 V were used. These cells required a high-amperage rectifier and had large bus bar requirements. By the time the electrooxidation testing was completed in 1978, the cell had been improved dramatically. The cell, shown in Fig. 5 , is a bipolar cell operating at 145 V using a low-amperage, high-voltage rectifier. This cell design overcame the disadvantages previously stated. The cell is capable of producing a pound equivalent of chlorine from 1 kWhr of power. A detailed description of the bipolar cell is given in the section Prototype Bipolar Cell Demonstration Studies, below.
ELECTROOXIDATION OF MOLYBDENUM CONCENTRATES CONTAINING RHENIUM
Electrooxidation generates hypochlorate ion which reacts with molybdenite as follows:
Mo0 4 2 " + 9C1" + 2S0 4 2 " + 3H 2 0
The reaction for the oxidation of rhenium is Re 2 S 7 + 28 OCl" + 16 OH" (11) 2Re0 4 " + 28C1" + 8H 2 0 + 7S0 4 2 "
The pH of the slurry decreases because hydroxyl ion is consumed as shown in reactions (4) and (5). To maintain current efficiency and prevent dissolution of copper and iron, the pH must be maintained above 5.5 by addition of a base such as sodium carbonate. Both the sodium molybdate and perrhenate compounds formed during electrolysis are soluble and can be recovered from solution and processed into marketable products by conventional metallurgical processes such as solvent extraction, filtration and crystallization. The electrooxidation to solubilize the molybdenum and rhenium values was the first step in the recovery sequence. The total process was studied in a pilot plant /7/, for which the overall flow sequence for the pilot plant is shown in Fig. 6 .
Basically, the process consists of (1) electrooxidation of the brine-concentrate slurry to produce soluble molybdate and perrhenate ions; (2) liquidsolid separation; (3) treatment of the clarified pregnant solution with sulfur dioxide to lower the pH and reduce the chlorate ion to chloride ion; (4) Stirred vessel and prototype bipolar cell recovery of salt and concentration of molybdenumrhenium by solvent extraction with a tertiary amine; (5) selective absorption of rhenium on activated carbon; (6) stripping of rhenium from the activated carbon and recovery of the rhenium as NH 4 Re0 4 ; (7) recovery of molybdenum as molybdic oxide by crystallization followed by roasting; and (8) Concentrate was slurried to 4% solids with recycled sodium chloride solution. The slurry was pumped to the first of five rubber-lined, 70-gal stirred vessels. The slurry flowed from the first to constant and the retention time in the electrooxidation system varied. The data in Table 4 show that molybdenum extraction ranged from 88.0-98.9% with power consumption of 10.0-13.7 kWhr/lb of molybdenum extracted. Corresponding sodium carbonate consumption was 3.1 lb/lb of molybdenum extracted. Energy consumption was not linear with respect to molybdenum extraction, and Table 4 shows the energy required to extract increasing percentages of molybdenum. The data show that to obtain 88% extraction required 10.0 kWhr/lb of molybdenum extracted, whereas to increase extraction to 97.5-98.9% required 62.4 kWhr for each additional pound of molybdenum extracted, as shown in Table 5 .
The data in Table 5 show that high metal extraction can be obtained, but the energy requirement increases dramatically. Therefore, the factors of electric power cost and metal selling price determine the optimum economic extraction level. the fifth stirred vessel by gravity. A bipolar cell was attached to each of the first four stirred vessels as shown in Fig. 5 . A complete description of the bipolar cell has previously been reported /8/.
Pulp was pumped up through the cell and returned to the stirred vessel by gravity. The cells were operated at 32-33V at a current of 140A. The current density was 0.5 A/in 2 . A temperature of 35-40 C C was maintained in the cell by a heat exchanger between the pump and the cell. Sodium carbonate additions were used to maintain the slurry pH between 6 and 7 in the first three vessels, between 7 and 8 for the fourth vessel and between 8.0 and 8.5 for the fifth vessel. The fifth vessel functioned as a holding tank to allow the residual hypochlorite ion to react. Concentrate was fed at a rate that varied between 3.4 and 4.7 lb/hr to determine the effect of process variables on molybdenum and rhenium extraction. The electrooxidation section of the pilot plant was operated on a 24-hr basis, whereas the remainder of the plant was operated semi-continuously.
The effect of electrolysis time, or energy input, on molybdenum-rhenium extraction was investigated by maintaining current input at 140A and varying pulp flow to the system so that current density was During the electrooxidation procedure, the molybdenite was converted to soluble molybdate ion and sulfate ion with an observed 60% weight loss based on the original weight of concentrate. The copper, iron and carbon contents of the concentrate remain insoluble during treatment, and the concentration of these constituents in the tails was approximately 2.5 times greater than in the original untreated concentrate.
PROTOTYPE BIPOLAR CELL DEMONSTRATION STUDIES
In earlier studies a small bipolar cell had been used for electrooxidation treatment of molybdenite concentrates /7,15/. This basic cell design was optimized in a series of experiments, and a commercial-sized bipolar prototype was built /10/. A schematic of the prototype cell system is illustrated in Fig. 7 .
This 108-kVA bipolar cell consisted of 41 graphite electrodes, 48" wide and 50" high, with 5/16" electrode gaps. The end electrodes were 2" thick,
Fig. 7:
Pilot plant bipolar flow through cell assembly.
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and the 39 intermediate electrodes were 0.81" thick. The overall cell dimensions were 4 by 5 by 7 ft. Electrical connections were made only to the end electrodes, and the 39 intermediate electrodes functioned as bipolar electrodes. Twelve-inch plastic extensions were placed on both ends of each intermediate electrode to minimize current leakage in the cell. The pulp was pumped from the stirred vessel up between the electrodes in the cell, and it overflowed back to the vessel by gravity (Fig. 8) .
Uniform distribution of pulp in the bottom of the cell was achieved by providing eight distribution pipes, each containing 20 9/32" perforations. A photograph of the cell and stirred vessel is shown in Fig. 5 . The cell has a theoretical capacity of generating 110 lb/hr of sodium hypochlorite, which could in turn react with 26.2 lb of molybdenite.
LARGE-SCALE ELECTROOXIDATION TESTS
The operating procedure for testing the 108 kVA prototype electrooxidation cell on a batch basis consisted of mixing a predetermined amount of concentrate with 750 gal of water and 700 lb of sodium chloride in a stirred vessel. The 10 wt% brine-concentrate slurry used in this study ranged from 3-15% solids. The pulp was pumped from a stirred vessel through the bipolar cell at 200 gal/ min and returned to the same vessel by gravity flow. The cell was operated at 900A and 120V with a current density of 0.38 A/in 2 . Temperature was maintained between 45-50°C in the electrooxidation system by heat exchange. During treatment, the pH was maintained between 5.5 and 7.0 by adding sodium carbonate. The electrooxidation treatment required 8-18 hr, depending upon the amount of molybdenum contained in the concentrate initially added to the system. A total of 13,000 lb of molybdenite concentrates of varying compositions was treated in a 10-week experimental campaign at Kennecott's Nevada Mines Division at McGill, NV, using the prototype cell. The concentrates also contained 6-15% Cu as mixed chalcocite and chalcopyrite minerals.
Molybdenum-rhenium extractions of 93-97% were typically obtained from concentrates that contained a nominal 7% Cu, but molybdenum extraction decreased with increasing copper concentration. Only 75% of the molybdenum was extracted when the concentrate contained 15% Cu. Examination of the electrooxidation tailings revealed the presence of copper molybdate compounds. These results are consistent with previous laboratory-scale experiments that had indicated that chalcopyrite mineralization contained in the molybdenite was not affected during electrolysis, whereas the presence of chalcocite was detrimental because it was partially oxidized to form small amounts of soluble copper compounds that could react with the molybdate ion to form insoluble copper molybdate. Energy consumption during electrolysis varied between 10-13 kWhr/lb Mo extracted, depending on the mineralization and copper content of the concentrate. Fig. 9 shows typical results obtained in tests made to determine the effect of energy input (or time of electrolysis) on molybdenum extraction. Constant operating conditions of 900A, 120V and 45°C were maintained in the tests. The concentrate used in these particular tests contained 34% Mo and 7% Cu. The data show that molybdenum extraction increases almost linearly with time until an extraction of about 80% is reached; then it starts 258 to level off. A molybdenum extraction of 95% was achieved after treatment for 8 hr with a corresponding copper extraction of less than 0.1%. Energy consumption for 95% extraction was 10 kWhr/lb of molybdenum extracted.
During the testing of this prototype cell, maintenance was not required and the cell was operated virtually unattended. Disassembly of the cell after the tests showed that electrode wear was negligible.
CONCLUSIONS
The U.S. Bureau of Mines has developed a technique for generating an oxidizing environment in ore pulp. The parameters affecting performance, such as temperature, pH, reaction time and cell factors, have been defined. Based upon this information, a prototype cell was constructed and tested for both carbonaceous gold ores and molybdenite concentrates. Results indicate that high extractions can be obtained if the parameters are optimized.
